HrcA is a transcriptional repressor that regulates stress response genes in many bacteria by binding to the CIRCE operator. We have previously shown that HrcA regulates the promoter for the dnaK heat shock operon in Chlamydia. Here we demonstrate that HrcA represses a second heat shock promoter that controls the expression of groES and groEL, two other major chlamydial heat shock genes. The CIRCE element of C. trachomatis groEL is the most divergent of known bacterial CIRCE elements, and HrcA had a decreased ability to bind to this nonconsensus operator and repress transcription. We demonstrate that the CIRCE element is necessary and sufficient for transcriptional regulation by chlamydial HrcA and that the inverted repeats of CIRCE are the binding sites for HrcA. Addition of a CIRCE element upstream of a non-heat-shock promoter allowed this promoter to be repressed by HrcA, showing in principle that a chlamydial promoter can be genetically modified to be inducible. These results demonstrate that HrcA is the regulator of the major chlamydial heat shock operons, and we infer that the mechanism of the heat shock response in Chlamydia is derepression. However, derepression is likely to involve more than a direct effect of increased temperature as we found that HrcA binding to CIRCE and HrcA-mediated repression were not altered at temperatures that induce the heat shock response.
Chlamydia trachomatis is the cause of the most common reportable infectious disease in the United States (6) , as well as a common cause of preventable blindness in the developing world (41) . Recent evidence has shown that there is an association between a related species, Chlamydia pneumoniae, and the development of coronary artery disease (11) . The hallmark of chlamydial infections is a chronic inflammatory process that leads to tissue damage and scarring. There is a wide body of evidence that implicates the chlamydial heat shock proteins in elicitation of this host inflammatory response. These heat shock proteins are molecular chaperones and proteases that function in protein folding and degradation in response to cellular stress (23) , and they are well conserved in chlamydial species (12, 18) . The major chlamydial heat shock proteins that have been studied are GroEL (Hsp60), GroES (Hsp10), and DnaK (Hsp70) (34) .
It has long been noted that chlamydial infection correlates with antibodies to the chlamydial heat shock proteins (reviewed in reference 22) . Serum antibodies to chlamydial GroEL have been associated with trachoma (32) and also with pelvic inflammatory disease, ectopic pregnancy, and infertility in women (1, 5, 33, 54) . Antibodies to GroES have been shown to correlate with the severity of genital infection (21) . The presence of C. pneumoniae GroEL in atherosclerotic plaques (20) and the correlation of antibodies to GroEL with detection of C. pneumoniae in these plaques (9) support the hypothesis that this species plays a role in atherosclerotic heart disease.
Chlamydial GroEL has also been shown to cause a hypersensitivity reaction of the eye (28) and the fallopian tubes (31) .
More recently, it has been appreciated that chlamydial heat shock proteins may also induce host cells to produce factors that contribute to chlamydial pathogenesis (reviewed in reference 46). Chlamydial GroEL can interact with cells via Tolllike receptors to induce cellular signaling (40, 53) . GroEL activates endothelial cells, smooth muscle cells, and macrophages to produce proinflammatory cytokines and adhesion molecules (19) . GroEL also induces expression of matrix metalloproteinase and tumor necrosis factor alpha (20) and promotes cellular oxidization of low-density lipoprotein to make it more atherogenic (16) . The other major heat shock protein, DnaK, has been proposed to be a factor for binding of chlamydiae to host cells (44) .
Because of the likely role of heat shock proteins in chlamydial pathogenesis, we are interested in the mechanisms that regulate expression of the heat shock genes. Increasing the temperature from 37 to 42°C has been shown to produce a heat shock response in chlamydia-infected cells along with increased transcription of chlamydial dnaK and groE (8) . Unlike the mechanism in Escherichia coli, the mechanism does not seem to involve an alternative sigma factor for regulating the transcription of heat shock genes, as the three pathogenic chlamydial species do not contain the heat shock alternative sigma factor 32 (17, 36, 37, 47) . Instead, Chlamydia appears to use a mechanism described for other bacteria (29) , in which heat shock genes are transcribed by the major form of RNA polymerase (51) and are regulated by a transcriptional repressor, HrcA, and an operator designated CIRCE. We have shown that chlamydial HrcA can bind to a CIRCE element located upstream of the dnaK promoter and that it can repress transcription of this promoter (56), although we have not di-rectly shown that repression depends on the presence of the CIRCE element. We are also interested in studying a CIRCElike inverted repeat upstream of the groE promoter (51), whose sequence is significantly different from the well-characterized CIRCE consensus sequence (45) , to see if it can function as an operator for HrcA binding and repression.
In this report, we describe our analysis of HrcA-CIRCE interactions in Chlamydia and demonstrate that CIRCE is both necessary and sufficient for HrcA-mediated transcriptional repression in vitro. We present data which show that chlamydial HrcA binds the inverted repeats of the CIRCE element and does not require Chlamydia-specific interactions between HrcA and RNA polymerase for repression. We found that the nonconsensus groE CIRCE showed reduced HrcA binding and HrcA-mediated repression, and below we discuss the implications of these findings for the expression of groEL and groES under non-heat-shock conditions. We also discuss how the insensitivity of HrcA binding and HrcA-mediated repression to higher temperatures suggests that a direct effect of temperature alone is not likely to be the mechanism of derepression in response to heat shock.
MATERIALS AND METHODS
Reagents. Products were obtained from the following sources and were used according to the manufacturers' specifications: restriction enzymes, calf intestinal alkaline phosphatase, DNase I, and rRNasin, Promega Biotech (Madison, Wis.); T4 polynucleotide kinase, T4 DNA ligase, and pRSET expression vector DNA, Invitrogen (Carlsbad, Calif.); Sequenase kit, U.S. Biochemicals (Cleveland, Ohio); nucleoside triphosphates, 3Ј-O-methylguanosine 5Ј-triphosphate, poly (dI-dC), HiTrap chelating column, and HiPrep gel filtration column, Amersham (Arlington Heights, Ill.); Centriplus columns, Millipore (Bedford, Mass.); oligonucleotide primers, Sigma Genosys (The Woodlands, Tex.); 32 P-labeled nucleotide triphosphates, ICN (Costa Mesa, Calif.); Pwo DNA polymerase and mini Quick Spin DNA columns, Roche Diagnostics (Indianapolis, Ind.); Bio-Rad protein assay reagent, Bio-Rad (Hercules, Calif.); Klenow fragment of E. coli DNA polymerase I, New England Biolabs (Beverly, Mass.); and E. coli RNA polymerase holoenzyme, Epicentre (Madison, Wis.).
Overexpression and purification of HrcA protein. His 6 -HrcA was overexpressed in E. coli BL21(DE3) and purified as previously described (56) .
EMSA templates. CIRCE-containing 110-bp restriction fragments were used as probes for the gel retardation assays. The groE promoter region was amplified by PCR by using C. trachomatis serovar D genomic DNA and primers T215 (5Ј-ACGTCTAGACTGGAAGAACTAGCTAGCTTGCTATAAA) and T216 (5Ј-ACGGAATTCAGAACGATAGCAAAGTCCTCGC). A fragment containing one-half of the groE CIRCE element was produced by amplifying a portion of the groE promoter region with primers T157 (5Ј-GGGAATTCGACTTTGC TATCGTTCTTCCTC) and T158 (5Ј-GGGGTACCTATTTTTATATTCTATG AGGCCTCGT). PCR products were cloned into the SmaI site of pGEM-7Zf(ϩ) to generate plasmids pMT1175 (groE with CIRCE) and pMT1154 (groE with one-half of CIRCE). The dnaK CIRCE plasmid pMT1134 was constructed as described previously (56) . Electrophoretic mobility shift assay (EMSA) restriction fragment templates were digested with XbaI and BamHI, and this was followed by gel purification from a 2% agarose gel.
EMSA. The probe DNA was labeled with [␣-32 P]dATP by using the Klenow fragment of E. coli DNA polymerase. Free nucleotides were removed by using a mini Quick Spin DNA column, and probe activity was determined by liquid scintillation counting. The EMSA reaction mixture contained 1ϫ binding buffer (40 mM Tris-HCl [pH 8.0], 4 mM MgCl 2 , 70 mM KCl, 135 M EDTA, 100 M dithiothreitol, 7.5% glycerol), labeled probe at a concentration of 0.3 nM, and various amounts of purified His 6 -HrcA. Standard reaction mixtures were incubated for 20 min at room temperature. In thermostability studies, the reaction mixtures were incubated for 15 min at room temperature and then shifted to the temperature being examined for 5 min. Samples were immediately loaded onto a 7% polyacrylamide EMSA gel and electrophoresed at 150 V in 0.5ϫ Trisborate-EDTA (TBE) buffer (35) . After electrophoresis, the gels were dried and exposed to phosphorimager plates. The plates were scanned with a Bio-Rad Personal FX scanner, and the data were analyzed with Bio-Rad Quantity One software (Bio-Rad).
Purification of C. trachomatis RNA polymerase. RNA polymerase was partially purified from C. trachomatis LGV serovar L2 at 20 h postinfection by heparinagarose chromatography as previously described (49) .
Construction of transcription plasmids. Plasmid pMT1178 contained the promoter region of groE (positions Ϫ137 to 5) amplified by PCR from C. trachomatis serovar D genomic DNA by using primers T274 (5Ј-ACCGAATTCATGCTTA AAGCCTTTTCCTACATCG) and T276 (5Ј-TCAGAGGAAGAACGATAGC AAAG). Plasmid pMT1177 contained the dnaK promoter (positions Ϫ40 to 5) fused to the upstream region of the hctA promoter (positions Ϫ65 to Ϫ41) amplified from plasmid pMT579 (51) by using primers dnaK2 (5Ј-AAGTTGG TGTCATTATAGGAAAACC) and T256 (5Ј-CGTGAATTCTTTAGGATCCTT ACCTAGATTCTAGAAAAATTCTTGACCAGAGGCTC). Plasmid pMT1176 contained the hctA promoter (positions Ϫ40 to 5) fused to the dnaK CIRCE region (positions Ϫ65 to Ϫ41) amplified from plasmid pMT1010 (43) by using primers T254 (5Ј-CGTGAATTCTAGCACTCTTTGCTCGCGAGCGCTAAAAATGGT TGCATGAATT) and T253 (5Ј-TTTTAATTTTTAATTAGTTTGTTTGTTC). Plasmid pMT1224 contained the dnaK promoter (positions Ϫ40 to 5) fused to the groE CIRCE region (positions Ϫ65 to Ϫ41) amplified from plasmid pMT1161 (56) by using primers T447 (5Ј-CATGAATTCAATAGCAGTTGATCATGCCAACTG CTAAAATTCTTGACCAGAGGCTCCG) and dnaK2 (5Ј-AAGTTGGTGTCAT TATAGGAAAACC). Each promoter insert was cloned upstream of a promoterless G-less cassette transcription template in plasmid pMT1125 (56) . Plasmid pMT1194 was a PacI drop-out of pMT1176 that upon transcription produced a transcript which was 28 nucleotides shorter than the parent plasmid. Construction of plasmids pMT1161 (dnaK) and pMT1158 (omcB) has been described previously (56) .
In vitro transcription. The in vitro transcription reaction mixture contained 50 mM potassium acetate, 8.1 mM magnesium acetate, 50 mM Tris acetate (pH 8.0), 27 mM ammonium acetate, 2 mM dithiothreitol, 400 M ATP, 400
32 P]CTP (800 Ci/mmol), 100 M 3Ј-O-methylguanosine 5Ј-triphosphate (Na salt), 18 U of rRNasin, 5% glycerol, 15 nM supercoiled DNA template, and various amounts of purified His 6 -HrcA. The reaction mixture was incubated for 20 min at room temperature. Then 0.5 l of heparin-agarose-purified C. trachomatis RNA polymerase or 0.5 l of a 1:10 dilution of E. coli RNA polymerase holoenzyme was added, and the reaction mixture was incubated for an additional 15 min at 37 or 42°C as indicated below. The final reaction volume was 10 l. The reaction was terminated by addition of 10 l of stop solution (95% formamide, 20 mM EDTA, 0.05% bromophenol blue, 0.05% xylene cyanol). A 10-l portion of the sample was electrophoresed on an 8 M urea-6% polyacrylamide gel in 1ϫ TBE buffer. After electrophoresis, the gels were dried and exposed to phosphorimager plates. The plates were scanned with a Bio-Rad Personal FX scanner, and the data were analyzed with Bio-Rad Quantity One software.
DNase I footprinting. A segment of the dnaK promoter region from position Ϫ130 to position 60 relative to the transcription start site was amplified by PCR from C. trachomatis serovar D genomic DNA by using primers T307 (5Ј-TCGG AATTCTTGGATTGGTGCTCTAAAAATCT) and T308 (5Ј-TCGATCGATG TAGAGCTTAGTGGCCATAAGTAGAACA). The PCR products were cloned into the SmaI site of pGEM-7Zf(ϩ) to generate plasmid pMT1208. pMT1208 was digested with ApaI and BamHI to generate the probe. The probe DNA was purified from a 1% agarose gel and labeled with [␣-32 P]dATP by using the Klenow fragment of E. coli DNA polymerase. Free nucleotides were removed by using a mini Quick Spin DNA column, and probe activity was determined by liquid scintillation counting. G and G-A ladders were prepared from end-labeled probes by Maxam-Gilbert sequencing as previously described (25) . Labeled probe (1 nM) was incubated with various concentrations of purified His 6 -HrcA in binding buffer (20 mM HEPES [pH 8.0], 5 mM MgCl, 50 mM potassium glutamate, 1 mM dithiothreitol, 1 ng of sonicated salmon sperm DNA per l) for 10 min at 37°C. Three microliters of diluted DNase I was then added to each reaction mixture and incubated for an additional 2 min at 37°C. The reactions were then stopped with 1ϫ stop solution (300 mM sodium acetate [pH 7.0], 10 mM EDTA), extracted with phenol-chloroform, and ethanol precipitated. The pellets were resuspended in DNase I gel loading buffer (40% deionized formamide, 5 M urea, 5 mM NaOH, 1 mM EDTA, 0.05% bromophenol blue, 0.05% xylene cyanol). A 2-l sample was electrophoresed on an 8 M urea-8% polyacrylamide gel in 1ϫ TBE buffer. After electrophoresis, the gels were dried and exposed to film. C. trachomatis dnaK promoter activity is repressed by HrcA (56), and we have inferred that the mechanism of repression depends on binding of HrcA to CIRCE. This reasoning is based on the observation that the dnaK promoter contains a CIRCE element and on our finding that HrcA specifically binds CIRCE (56) . However, the direct role of CIRCE in HrcA-mediated in vitro transcriptional repression has not been addressed previously. To examine the role of CIRCE, we performed in vitro transcription reactions with the dnaK promoter, which contains a CIRCE element, and the hctA and omcB promoters, which lack CIRCE. We also created and tested two hybrid promoters, in which we swapped the upstream regions between the dnaK and hctA promoters, so that we could directly determine if CIRCE was sufficient for regulation by HrcA. Figure 1A shows that HrcA repressed transcription of the dnaK promoter almost fivefold but had no effect on the omcB promoter, as we have seen previously (56) . HrcA had no effect on transcription of the wild-type hctA promoter (data not shown). Figure 1B shows that a dnaK promoter with the hctA upstream sequence from position Ϫ65 to position Ϫ42 (thus lacking CIRCE) was not repressed by HrcA, showing that CIRCE is necessary for HrcA-mediated repression. The definitive experiment was performed by using an hctA promoter with the upstream CIRCE sequences of the dnaK promoter, from position to Ϫ65 to position Ϫ42. This hybrid promoter was repressed nearly fivefold by HrcA, showing that the CIRCE element is sufficient for transcriptional repression by HrcA. HrcA-mediated transcriptional repression does not require Chlamydia-specific interactions between HrcA and RNA polymerase. Although HrcA-CIRCE interactions have been studied in many bacterial species (for a review, see reference 29), the precise mechanism by which HrcA represses transcription has not been determined. It has been proposed that HrcA represses transcription by sterically hindering access of RNA polymerase to the core promoter elements (29, 57) . This model predicts that specific protein-protein interactions between HrcA and RNA polymerase are not necessary and that HrcA from one bacterium should be able to repress transcription by a heterologous RNA polymerase. To test this hypothesis, we performed an experiment to determine if C. trachomatis HrcA could repress transcription of a CIRCE-containing promoter by E. coli RNA polymerase. The advantages of using E. coli RNA polymerase are that it can transcribe the C. trachomatis dnaK and omcB promoters (43) and that E. coli does not contain an HrcA homolog (4). Transcription of the dnaK promoter by purified E. coli RNA polymerase was decreased fivefold by chlamydial HrcA (Fig. 2, lanes 3 and 4) , which was similar to the level of repression obtained with C. trachomatis RNA polymerase (Fig. 2, lanes 1 and 2) . These results show that HrcA can repress transcription of E. coli RNA polymerase with an efficiency equivalent to the efficiency of repression seen with C. trachomatis RNA polymerase.
RESULTS

CIRCE is necessary and sufficient for
HrcA protects CIRCE from DNase I digestion. To determine the binding specificity of HrcA and sites of protein-DNA contact, we performed a DNase I footprint analysis of the C. trachomatis dnaK promoter region. As shown in Fig. 3A , addition of HrcA protected the CIRCE inverted repeat from DNase I digestion. The areas of protection covered the entire CIRCE inverted repeat, and there was additional 5-or 6-bp protection upstream of the 5Ј inverted repeat. There was an unprotected region between the CIRCE inverted repeats, indicating that HrcA does not bind the spacer region. HrcA also produced DNase-hypersensitive sites in the spacer region and at the ends of both protected regions. Figure 3B shows these protected and hypersensitive sites in the sequence of the dnaK promoter region. HrcA binds to the C. trachomatis groE promoter in vitro. A CIRCE-like inverted repeat upstream of the C. trachomatis groE promoter has been found previously (51) . As shown in Fig. 4 , the serovar D groE CIRCE-like inverted repeat matches the consensus CIRCE sequence at only 13 of 18 nucleotides, which makes it the least conserved sequence among predicted bacterial CIRCE sequences (13, 45) . In fact, the C. trachomatis groE promoter has been reported to lack a CIRCE element (45), probably because of this sequence divergence and unusual upstream location. To examine whether the CIRCE-like sequence in the groE promoter region is functional and can be bound by HrcA, we performed an EMSA analysis using a DNA probe containing the groE inverted repeat element. HrcA bound to the groE CIRCE fragment (Fig. 5A , lanes 4 to 6), but with a lower affinity than it bound to the dnaK CIRCE (lanes 2 and 5). Using additional EMSA experiments, we calculated an apparent K D for groE of 235 nM and an apparent K D for dnaK of 88 nM (data not shown). At high HrcA concentrations, both the groE and dnaK DNA probes were almost exclusively found in the HrcA-bound complex (Fig. 5A, lanes 3  and 6) . HrcA did not bind to a DNA probe containing one-half of the groE inverted repeat (lanes 7 to 9), indicating that the complete inverted repeat is required for binding.
HrcA represses in vitro transcription from the groE promoter. Having shown that HrcA binds the groE CIRCE, we next asked whether transcription of the groE promoter can be repressed by HrcA. We performed in vitro transcription reactions with dnaK and groE transcription constructs in the presence or absence of HrcA. Addition of HrcA to a dnaK transcription reaction resulted in an almost fivefold reduction in transcription (Fig. 5B, lanes 1 and 2) , which is consistent with our previous findings (56) . Transcription of the groE promoter in the absence of HrcA was considerably lower than transcription of either the dnaK or omcB promoter (lane 3). Addition of HrcA resulted in a reproducible twofold reduction in transcription from the groE promoter (lane 4). While addition of HrcA resulted in less transcriptional repression of the groE promoter than of the dnaK promoter, the decreased repression was approximately equal to the lower binding of HrcA for the groE CIRCE.
To determine if the decreased repression of the groE promoter was due to the groE CIRCE alone rather than to an effect of the core promoter, we compared HrcA-mediated repression through the groE and dnaK CIRCE elements in the context of the same promoter. We constructed a transcription template with the groE CIRCE placed upstream of the dnaK promoter and compared it to the wild-type dnaK promoter and its native CIRCE element. Basal transcription without HrcA was similar for the hybrid groE/dnaK construct and the wildtype dnaK construct (Fig. 5C, lanes 1 and 3) . With the addition of HrcA, however, transcription from the hybrid promoter was We concluded that the level of transcriptional repression by HrcA is dependent on the binding affinity of HrcA for the CIRCE element. HrcA activity is not affected by heat shock temperatures. While we have focused so far on HrcA-mediated transcriptional repression, it is important from the perspective of chlamydial biology to also consider how heat shock genes are derepressed during the stress response. An obvious mechanism for derepression in response to heat shock would be that increased temperature has a direct effect on the ability of HrcA to bind CIRCE. To measure the effect of temperature on HrcA binding, we performed a modified EMSA protocol in which HrcA and a dnaK CIRCE fragment were first incubated at room temperature for 15 min so that binding could occur; this was followed by an additional 5 min of incubation at an elevated temperature. We compared the effects of temperature upshifts to 37°C, which represents a normal growth temperature inside human cells, to 42°C, which has been shown to induce the heat shock response with increased transcription of the heat shock genes (8) , and to 56°C, a superphysiologic temperature that is predicted to disrupt the HrcA-CIRCE complex. The data from three independent EMSA experiments with a range of concentrations of recombinant HrcA were quantified by phosphorimager analysis and are shown in Fig. 6A . Similar levels of binding of HrcA to CIRCE were obtained with temperature upshifts to 37 and 42°C, as shown by the nearly identical binding curves. In contrast, the upshift to 56°C resulted in very little residual binding of HrcA to CIRCE, indicating that disruption of the HrcA-CIRCE complex had occurred and could be measured with this assay. Based on these in vitro observations, the HrcA-CIRCE complex is thermostable at an increased temperature that is known to induce the heat shock response in C. trachomatis.
We also tested the effect of an elevated temperature on transcriptional repression by HrcA. We were not able to perform these experiments with our partially purified C. trachomatis RNA polymerase as there was a significant loss of transcriptional activity at 42°C (data not shown). Instead, we performed these experiments with E. coli RNA polymerase, taking advantage of our ability to measure repression by chlamydial HrcA with this heterologous RNA polymerase, as shown above (Fig. 2) . Purified E. coli RNA polymerase is relatively thermostable, as shown by the similar levels of basal transcription at 37 and 42°C for the dnaK and omcB promoters (Fig. 6B, lanes 1 and 3) . When we added HrcA, we observed the same fivefold repression of the dnaK promoter at 37 and 42°C (lanes 2 and 4) . These DNA-binding and transcription studies demonstrated that an elevated temperature that can induce the heat shock response is not sufficient to alter the ability of chlamydial HrcA to bind CIRCE and repress transcription.
DISCUSSION
In this study, we demonstrated that the CIRCE element is necessary and sufficient for repression of in vitro transcription by HrcA in Chlamydia. Since the chlamydial CIRCE element does not overlap the core promoter sequence (42, 50), we were able to take a defined CIRCE sequence and place it upstream of the hctA promoter (52), a developmentally regulated pro- moter that is not normally repressed by HrcA. Addition of the CIRCE element allowed this promoter to be repressed by HrcA to the same degree as the wild-type dnaK promoter, suggesting that CIRCE functions independent of the promoter context. To our knowledge, this is the first report of an independent, movable sequence with the demonstrated capacity to regulate a heterologous promoter in Chlamydia. As such, it may be useful for developing an inducible Chlamydia expression system in conjunction with a system for genetic transformation (48) or phage-based genetics (15) . We also demonstrated that HrcA can repress transcription by E. coli RNA polymerase and transcription by C. trachomatis RNA polymerase to the same extent. This finding indicates that HrcA-mediated transcriptional repression does not require Chlamydia-specific interactions between HrcA and RNA polymerase or additional Chlamydia-specific factors and supports a model in which HrcA functions as a repressor by steric hindrance of RNA polymerase binding (39) . This result is not completely unexpected since it has been shown that Bacillus subtilis HrcA expressed in E. coli is able to repress transcription of a CIRCE-regulated promoter (26) . However, our in vitro system allows us to more precisely define the components necessary for HrcA-mediated transcriptional repression.
DNase footprint analysis revealed that the binding site for chlamydial HrcA symmetrically overlaps the CIRCE inverted repeat. This footprint is similar to the footprint for Staphylococcus aureus obtained by using renatured, wild-type HrcA, with protection of CIRCE extending just beyond the inverted repeat on each side and with an unprotected region within the 9-bp spacer region (7). The other previously described DNase footprint of HrcA, from B. subtilis, showed that there was a larger area of protection, extending well beyond CIRCE, without an unprotected region in the spacer between inverted repeats (38) . While the difference in the findings may be attributed to species-specific variation, it is interesting that the B. subtilis footprint was obtained with a mutant HrcA, while the S. aureus and C. trachomatis footprints were obtained by using wild-type HrcA. Only our C. trachomatis footprint was obtained by using wild-type, soluble HrcA protein that had not been denatured during purification.
The finding that the groE promoter is regulated by HrcA supports a model for feedback regulation of the groESL operon through interactions between GroE and HrcA. Several lines of evidence indicate that the GroE chaperonin machinery increases HrcA-mediated repression of heat shock promoters in vitro and in vivo in other bacteria (26, 27, 38) . Thus, GroE may negatively regulate expression of its own gene, perhaps as part of a homeostatic mechanism. While the situation in Chlamydia is complicated by the fact that the three pathogenic chlamydial species each encode three GroEL-like proteins, only the major groE operon, which encodes GroEL1, has been shown to have a CIRCE element. Furthermore, only transcription of groEL1, and not transcription of groEL2 or groEL3, is increased in response to heat shock (18) .
The CIRCE element of the C. trachomatis groE promoter is unusual compared to the chlamydial dnaK CIRCE and CIRCE elements from other bacteria because it has a divergent sequence and a slightly longer inverted repeat that extends into the spacer region between the repeats. The groE CIRCE sequence matches the consensus CIRCE sequence at 13 of 18 nucleotides, which makes it the most divergent of 70 predicted CIRCE sequences from more than 40 eubacterial species (29, 45) . Interestingly, two of the mismatches in the first repeat are complemented by base substitutions in the inverted repeat (Fig. 4) , suggesting that there is selective pressure to maintain DNA secondary structure. Figure 4 also shows that similar mismatches and complementary changes are observed in the predicted groE CIRCE elements of the C. trachomatis MoPn strain and Chlamydia caviae. These chlamydial groE CIRCE elements also have a longer inverted repeat that can extend into the spacer region by as much 4 bp, effectively lengthening the stem and reducing or removing the loop from the predicted stem-loop structure of the CIRCE element (30) .
We propose that Chlamydia sets the transcription levels of the heat shock genes under nonstress conditions via the sequence of the CIRCE elements. We found that in C. trachomatis serovar D, the groE CIRCE has a divergent sequence that leads to decreased HrcA binding and a corresponding lower level of repression of groE compared to the dnaK promoter. Interestingly, the sequence of the predicted groE CIRCE element in C. pneumoniae (17) almost completely matches the consensus CIRCE sequence (Fig. 4) . Thus, we predict that there should be stronger HrcA binding and greater repression leading to lower groE transcript levels in C. pneumoniae under nonstress conditions than the binding and repression observed with C. trachomatis. In our in vitro system, HrcA activity was not affected by increasing the temperature to 42°C, even though this elevated temperature is known to induce the heat shock response in Chlamydia and to result in increased transcription of groE and dnaK (8) . Thus, an increased temperature alone is not sufficient for the chlamydial heat shock response, suggesting that additional factors that are not present in our in vitro system play a role. Studies of the thermostability of HrcA-CIRCE complexes in other bacteria have shown that HrcA dissociates from CIRCE at temperatures above physiologic temperatures (24, 55) , although this effect varies with the bacterial species (14) and the presence of additional factors (24, 38) . C. trachomatis is an obligate intracellular parasite and, as such, is exposed to a narrower range of growth temperatures than the free-living, gram-positive bacteria in which much of HrcA activity has been characterized previously. An attractive hypothesis to explain the differences between in vivo and in vitro findings involves the GroE regulatory model discussed above (26) . Support for this hypothesis comes from the observation that in Streptococcus thermophilus and B. subtilis addition of GroE to a recombinant system increased the activity and thermostability of HrcA (24, 38) . We are also mindful that despite the common reference to heat shock proteins, these molecular chaperones are actually stress response proteins, and their expression may be regulated by other forms of cellular stress that chlamydiae may experience during the intracellular chlamydial developmental cycle. In fact, HrcA-mediated transcriptional repression appears to be a general stress response mechanism in other bacteria (27) .
The regulation of groESL transcription is clinically relevant because GroEL expression has been associated with two important aspects of chlamydial pathogenesis, the host immune response and the chlamydial persistent state. GroEL is one of the primary antigens in patients with a C. trachomatis infection, and antibodies to chlamydial GroEL are associated with some of the worst outcomes of chlamydial infection. During the persistent state, when there are viable chlamydiae inside the host cells but no infectious progeny (for a review, see reference 3), many chlamydial proteins are down-regulated, but the concentrations of GroEL mRNA and protein are maintained at steady-state or higher levels (2, 10) . It remains to be seen whether regulation by HrcA is involved in the differential regulation of GroEL expression during persistence.
